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Alti) M&fHbD5 OtfltolaMtttfG AND PROGlUMiVlI^G^^ SAME 

WHJ>OFT^INVENTlir>N 
5 the Resent imfetotion generally relates to micxoeiectronic devices. More 

particularly, the invention relates to pmgrainmaWe huc^lectroinc structures suitable for 
use in integrated cfrcuits. 

ftAOCGRDUN D OP Tftfa frTS^ Ttn^ 
10; Meitobry deuces are often used in electrdnio systems and computers to store 

inftrn^^ niemory deVices m y be cliaracteriz^ into 

Various types, each tftte having associated with ft various advantages and disadvantages. 

For example, random access memory CHAM") which may be found in personal 
confers is typically volatile semiconduttor memory; in other words, the stored data is lost 
15 if the power Source is disconnected or removed. Dynamic RAM ("DRAM") is particularly 
volatile in that it must te ^efreshe^ (/. recharged) every few microseconds in order to 
maifitain the stored data. Static RAM f'SRAM") will hold the data after one writing so long 
as the power source is. maintained; once the power source is disconnected, however, the data 
is lost Thus, in these volatile memory configurations, information is only retained so long 
20 as tl*i>owtt In general, these RAM devices can take up 

«g^^t&ip^ 

large amounts of ener^ for data storage. Accordingly, improved inemory devi(^ suitable 
for use in personal ctornplrters aiid tte 

25 and magnetic tape)as well a* othe* systej^ 

are nonvolatile, havfc extremely high capacity, and can be rewritten inahy times. 
. tfifitiartbtp, these memory devices are physically large, are shociA^don-senshrve, 
re^e expensive mechanical drives, and may consume relatively large amounts of power. 
These negative aspects make such memory devices noiwdeai for low power portable 
applications such as lap-top and palm-top computers, personal digital assistants ("FDAs"), 
and the like. 

Due, at least in part, to a rapidly growing numbers of compact, low-power portable 
computer systems in which stored information changes regularly, low energy read/write 
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volatilesforage device kedaared forusein suchsystenfc. 

One type of programmable sttrnconducter nonvolatile memory device suitable for 
5 use is such systems is a pjognafltoable readonly memory ("feROMP) device.- One type of 
PRt>H a wtfle-oiice rea*ma«y ("WORKf") device, uses an array of fusible links. Once 
p^antaed, the WOllM device canto be reprOgranimed. 

Other forms of PRO^d deviees include erasable PROM CEPROM") and electrically 
erasable PROM (EEPROM) deviees, which are alterable after an initial programming. 
10 devices gtte^req^ 

toprbgr^ 8 tl».devic4 Hms, such devices are generally not well suited for ese in 
portable dectttmc devices. EEPROM devices are generally easie* to program, but suffer 
from other defines, it particular, EEPROM devices are relatively complex, are 
reMvely diflict*^ Furtfcsmore, a circuit fccmding 

EEPROM devices must Withstand the high voltages necessary to program the device. 
Conseqoemry, EEPROM dost per bit of memory capacity is extremely high compared with 
Other means of data Storage Another disadvantage of EEPROM devices is that, although 
they can retain data without having the power source connected, they require reJatrvely large 
amc^ofpowwtb jprogram: This power drain can be considerable in a compact portable 
20 system powered by. a battery. 

In view of the various problems associated with conventional data storage devices 
described above, a relatively non-volatile, programmable device which is relatively simple 
and inexpensive to produce is desired Furthermore, this memory technology should meet 
thefequfrem^ 

relativery ldW Vdtagfe while providing high Storage density and a low manufacturing cost 

gtJMKUltY opTtmmvirKr r7n>j 
ft* present invention provides improved microelectroiric devices for use in 
mtegrated circuits. More particularly, the invention provides relatively non-volatile, 
programmable deuces suitable for memory and other integrated circuits. 

The Ways in which the present invention addresses various drawbacks of now-known 
programmable devices ate discussed in greater detail below. However, in general, the 
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pr&etii invemion piovides a progranmiahle device that isrei^ely e% and inexpensive to 
manufacture, and ^ckisrelaliyelyea^topiogrant 

W accordance with ohfc exemplary embodiment of fhe present invention, a 
ptograaitaable shucture includes an ion conductor and at least Mb electrodes. The structure 
is^configured such that when a bias is applied across two electrodes^, one or more electrical 
pr&perties of the structure change. In accordance with one aspect of this embodhnent a 
reactance across the structure changes when a bias is applied across the electrodes. In 
aa^dam» with oth« aqpecte this em 

of the structure changes upon appfication of a bias across the electrodes. One or more of 
tbr^ tfecliical changes may suitably be detected Thus, stored information may be retrieved 
from a i circuit including the structure. 

In accordance With another exemplary embodiment of the invention, a programmable 
Structure includes an ion conductor, at least two electrodes, and a barrier interposed between 
at least a portion of one of the electrodes and the ion conductor. In accordance with one 
aqiect of this embodiment the barrier material includes a material configured to reduce 
dffibifen of ions between the ion conductor and at least one electrode. The diffusion barrier 
may also serve to prevent tmdesired eJectrodepbsat growth within a portion of the structure 
In accordance with another aspect, the barrier material includes an insulating material 
Inclusion of an insulating material increases the Voltage required to reduce the resistance of 
the device. In accordance with yet another aspect of this embodiment, the barrier includes 
material that conducts ions, but which is relatively resistant to the conduction of electrons. 
Use of such material may reduce nnderired platii« at an electrode and mcieaw Ae theanal 
stability of the device. 

!»» awsoirdanee frith another exemplary embodiment of the invention, a programmable 
•0 • : inkif^e^nic mctart is itemed on a surface of a substrate by fonning a first electrode on 
the SubsttSte, depositing a layer of ion dondnctot material over the first electrode, and 
depositing xsonduttrve material oirto the ion conductor material In accordance with one 
aspect of this embodiment, a solid solution including the ion conductor and excess 
ccfflduciive material is formed by dissolving (e.g., via thermal and/or photodissototion) a 
portion of fhe conductive material in the ion conductor. In accordance With a further aspect, 
only a portion of the conductive material is dissolved, such that a portion of the conductive 
material remains on a surface of the ion conductor to form an electrode on a surface of the 
ibn conductor material. 
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16 accordant with another embodiment of thepi^ iii»^o% ^l^a jw^of 
a ]^grmnmable structure is formed wrftbih a through-bole or via in an insulating material 
In accordance with one aspect of this embodiment, a fin* dectrode feature is formed on a 
surfete of a substrate, insulating material is deposited onto a surface of the electrode feature, 
a Via is formed Within the insulating material, and a portion of thepiogrammable structure is 
fc^withmtbevia. After the via is formed within the insulating material, a portion of the 
sanctum within the via is formed by depositing an ion conductive material onto the 
cor^c^ material, depositinga second electrode material onto the ion conductive material, 
arid, if desired, removmg any excess electrode, ton coftfoctor, at^ m 
accordance with another aspect of this embodiment, only the ion conductor is formed within 
the via. In this case, a first electrode is formed below the insulating materia) an in contact 
with the km Coifiroetor. and the second electrode is formed above the insulating material and 
in contact with the ion conductor. The configuration of the via may be changed to alter (e.g, 
reduce) a contact area between one or more of the electrodes and the ion conductor. 
Racing the cross-sectional area of the interface between the ion conductor and the 
ele^ode inciaisfes the efficiency of the device (change in electrical property per amount of 
power supplied to the device). In accordance with another aspect of this embodiment, the 
via may extend through the lower electrode to reduce the interface area, between the 
electrode and the ion conductor. In accordance with yet another aspect of this embodiment, 
a portion of the ion conductor may be removed from the via or the ion conductor material 
may be directionally deposited into only a portion of the via to further reduce an interface 
between an electrode- and the ion conductor. 

In accordance with another embodiment of the invention, a programmable device 
inay be formed On a Surface of a substrate. 

... In accordance with a further exemplary embodiment of the invention, multiple bits of 
^^t»ntosto*edina^ 
tins embcdimem, a prtJgra^ 
two additional electrodes. 

In accordance with yet another embodiment of the invention, muhipie programmable 
devices are coupled together using a common electrode (e g., a common anode or a common 
cathode). 

In accordance with yet another embodiment of the mverition, imiltiple programmable 
devices share a common electrode 
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In accordance witi yet a further exemplary embodiment of tie present invention, a 
capacn^ of a prdgra^ 
of the structure 16 migrate. 

5 BPIEPPlBSCRIFnOK Oft THR Dtt Aty Tf^ftg 

A more complete understanding of the present mvention may be derhfetl bf referring 
to the detailed description and daims, considered in connection with the figures, wherein 
fike reference numbers refer to similar elements throughout the figures, and: 

Figure 1 is a cross-sectional illustration of a programmable structure formed on a 
10 sui^ofasnbstratem 

Figure 2 is a cros>sectional illustration of a programmable structure in accordance 
■with an alternative embodiment of the present invention; 

Figiif e 3 is a current^^^ 
of the device illustrated in Figure 2 in an W and ^ofT state; 
15 Figure 4 is a cross-seeuonal illustration of a programmable structure in accordance 

with yet another embodiment of the present invention; 

Kpre 5 is a schematk ilmstra^ 
with an exemplary embodiment of the present invention; 

Figure 6 is a schematic illustration of a portion of a memory device in accordance 
20 ivith an aJternative embodiment of the pr esent invention; 
Figures 7 and 8 are a cross-sectional ilm 
an ion conauctor/dectrode con^^ 

accordance With another embodiment of the present invention; 

Figures 9 and 10 are a cross-sectional illustrations of a jwgrammable structure 
**** i* 6i 'V***^***^ contact interface formed about a perimeter of the ion 

K^es 11 and 12 ilmstrate a 
in accordance with the present invention; 

Figures 13-19 illustrate programmable device structures with reduced dectrode/ion 
3D conductor interface surface area in accordance with the present invention; 

Figure 20 illustrates a programmable device with a tapered ion conductor in 
accordance with the present invention; 
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figures 21-24 illustrate a programmable device including a floatmg electrode in 
acctfrdafflcfe with the present invention; and 

Figures 25-29 aiostrate common electrode programmable device structures in 



Skilled artisans will appreciate that elements in the figures are illustrated for 
iimph'city and clarity and have not uwessarfly beta drawn to scab. For example, the 
ditfetteiohs of some of the elements in the figures may be exhaled relative to other 
detflents to help 10 improve understanding of embodiments of ttej»re^inveWioa 



fiBTATT ,t*t> tWUCKfPTinn nit p xbmpi . arv bmSodimrnts 
The present invention generally relates to micfoelectronic devices. More 
paftitularly, the invention relates to programmable structures or devices suitable for various 
integrated circuit applications. 

Kgures 1 and 2 illustrate programmable microelectronic structures 100 and 200 
formed on a surface of a substrate 1 10 in accordance with an exemplary embodiment of the 
present iirVentkm. Structures 100 and 200 include electrodes 120 and 130, an ion conductor 
140, and Optionally include buffer or barrier layers 155 and/or 255. 

Generally, structures 100 and 200 are configured such that when a bias greater than a 
threshold voltage (V T X discussed in more detail below, is applied across electrodes 120 and 
20 130, the elj-etrical properties Of structure 100 change. For example, in accordance with one 
embodiment of the invention, as a voltage V :> V T is applied across electrodes 120 and 130, 
comhicrive ions within ion conductor 140 begin to migrate and form an electoxfeposit {eg., 
eleettodeposit 160) at or near the more negative of electrodes 120 and 130; such an 
. ^.^»ai»i^^_1umtr, is hot required to practice the present mventioa The term 
S ; -'ii?^*^ < * fUfed meu * any area, within the ion conductor that has an 

? W^HMn of reduced metal or othfir conductive material compared to the 
concentration of such material in the bulk ion conductor material. As the electrodeposit 
forma, the resistance between electrodes 120 and 130 decreases, and other electrical 
propstiesmay also change. In the absence of any Waring barriers, which are discussed in 
0 more detail below, the threshold voltage required to grow the electrodeposit from one 
electrode toward the other and thereby significantly reduce the resistance of the device is 
approximately die redox potential of me system 

same voltage is applied in reverse, the electrodeposit will dissolve back into the ion 
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ctitodbefor and the device will return to a high resistance state, hi accordance Tvith other 
embodhneats Of the invention, application of an electric field between electrodes 120 and 
130 inay cause km dissolved within conductor 140 to migrate and tiros cause a change in 
the electrical properties tof device 100, without the formation of an electrodeposit Structures 
1 00 and 200 may be used to store information and thus may be used in memory circuits. For 
example, structure 100 or other programmable structures id accordance with the present 
Mention may suitably be used in memory devices to replace DRAM, SRAM, PROM, 
fiPROM, or EEPROM devices. In addition, programmable structures of the present 
invention may be used for other applications where programming or changing of electrical 
properties df a portion of an electrical circuit are desired. 

Substrate 110 may include any suitable material For example, substrate 1 10 may 
iticlude senucbikmctive, inductive, semimsulative, msulatrve material, or any combination 
of such materials. In accordance with one embwhment of the invention, substrate 110 
iffchides an insulating material 112 aud a portion 114 including microelectronic devices 
1* formed on a semiconductor substrate. Layers 1 12 and 114 may be separated by additional 
layers (not Shown) such as, for example, layers typically used to form integrated circuits. 
Because the programmable structures can be formed over insulating or Other materials, the 
programmable structures of the present invention are particularly well suited for applications 
where substrate (e.g, semiconductor material) space is a premium. 

Electrodes 120 and 130 may be formed of any suitable conductive material. For 
example, electrodes 120 and 130 may be formed of doped porysilicon material ormetat 

In accordance with one exemplary embodiment of the invention, one of electrodes 
120 and 130 is formed of a material including a metal that dissolves in ion conductor 140 
^hen a soffidem bias (V * Vj) is applied across the electrodes (oxidizable electrode) and 
25 j otter electrode is relstivery inert and does not dissolve during operation of the 
pfcgi^muabie device (an mdiffereat electrode). For example, electrode 120 may be an 
anode ; during a write process and be comprised of a material including silver that dissolves in 
ion conductor 140 and electrode 130 may be a cathode during the write process and be 
comprised of ah inert material such as tungsten, nickel, molybdenum, platinum, metal 
suicides, and the like. Having at least one electrode formed of a material including a metal 
ivhich dissolves in ion conductor 140 facilitates niaimaining a desired dissolved metal 
concemration within ion conductor 140, which in turn facilitates rapid and stable 
electrodeposit 160 formation within ion conductor 140 or other electrical property change 
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during use tftotifttee'lft) and/or 200. iPortlfermfafe, use of an inert material for the other 
iteatodb (dsihbdt during a write operation) facilitates dectrocfissobtion of any 
(^^(^<mib&t may have fanned and/or return of the jtfogratamable device to an erased 
m^&hsc af^hcatidn of a sufficient voltage. 

tiurhig an erase Operation, dissolution of any electrodeposit that may have formed 
at or near the oxidifcable electrode/elec^eposit interface. Initial 

f&Mated by forniing structure 100 such that the resistance of the at the oxidizabJe 
•electrode/dec^epo^ft interface is greater than the resistance at any other point along the 
IS; detfrodeposh; particularfy, the interface between the dectrodeposit and the ^different 
; deCfrode. 

. ^waytoacJn^ 
elemde ofrdalrvelyin Use of such material 

refoce^ at the interface.between ion conductor 140 and the indifferent 

15: electrode as well as the formation of compounds or mixtures of the electrode material and 
: iolft oinoSjctor 140 inaterial, which topically have a higher resistance than ion conductor 140 
or the dectrodeinatarial. 

RdatiVdy low resistance at the indffierent electrode may also be obtained by 
forjinhg a barrier layer between the otfdizable electrode (anode during a write operationX 
20 wherein the barrier layer is formed of material having a relatively high resistance. 
Exemplary high resistance materials include layers (e g., layer 155 and/or layer 255) of ion 
conoSictlng nMeiial Ag,0, AfeS, AgJSe, Ag»Te, where x k 2> Ag£ where x > 1, 
;, Gd^ CoO, Cfo& CuSe, Cut e, GeQ^ or SlO*) interposed between ion conductor 140 and a 
ia^^cfc as silver. Some of these materials have additional benefits as discussed in 

; }lkM&ie gfofwtis and dissolution of an dectrodej)Osit can also be facilitated by 
providing a roughened indWerent dectrode surface (e.g., a root mean square roughness of 
. greater than about 1 nin) at the dectrodetfon conductor interface. The roughened surface 
;hmy be foiined by inanipulating film deposition parameters and/or by etching a portion of 
$0 one of the dectrode of ion conductor surfaces. Diiring a write operation, relatively high 
dectrical fields form about the spikes or peaks of the roughened surface, and thus the 
eiectrodeposits are more likely to form about the spikes or peaks. As a result, more reliable 
and uniform changes in dectrical properties for an applied voltage across electrodes 120 and 
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i30 nfiiy be obtained by providing a" roughed interface between the ifidifferent electrode 
(&ih6de<fofagaimic operation) and ion confoctor 140. 

Oxiolzabie electrode material may have a tendency to thermally disserve or dfiflbse 
into ion conductor 140- particularly during fabrication and/or operation of structure 100. 

.>. thus i^teMd^e of an electrical property during use of structure 100. 
TfrfebHiceuridesk^ 

/ and in ac^&mce v^ ano toer embodiment of the invention, the oxidizable electrode 
. mcrudes a rn^ xbleycalated in a transition metal sulfide or selenide material such as 

10 AjCMB*)!.^ )rih&k A is Ag or Cu, B is S or Se, M is a transition metal such as Ta, V, and Ti, 
and x ranges troni about 0.1 to about 0.7. The intercalated material mhjgates undesired 
tterrhal diffusion of the metal (Ag or Cu) into the ion conductor material, while allowing the 
metal to participate in the electrodeposit growth upon' application of a sufficient voltage 
; amss electrodes 120 and 130. For example, when silver in intercalated into a Ta& filrn, the 

B: Ta&fiT^ The A 1 (MB 2 ) 1 ^ t material is 

preferably aniofjpnotis ttt prevent to prevent undesired dhlusioh of the metal though the 
rnateriaL Use amorphous material may be formed by, for example, physical vapor 
deposition of a target material comprising A^MB^)^ 

ct-Agj is another suitable material for the oxidizable electrode, as well as the 

26 mdirTerent electrode. Similar to the AiftlBj),., material discussed above, a-Agl can serve 
as a source of Ag Airing operation of structure lOO-eg, upon application of a sufficient 
Mas.tortthe^ 

140. Agl has a relatively lory activation energy for conduction of electricity and does not 
fe^iire doping to achieve relatively high conductivity, men the oxidizable electrode h 
2S-, ^ of silver in the Agl layer in*y arise during bpera^on of structure 

_ 1W/U^^ to the electrode, One way to provide the excess silver 

is to feim a sirver layer adjacent the Agl layer as dSscussed above when Agl is used as a 
buffer layer, the ^ 

iori coriducior 140, but does not significantly affect conduction of Ag during operation of 
30 stotture 100. In addition, use of Agl increases the operational efficiency of structure 100 
because the Agl mitigates noh-Faradaic conduction (conduction of electrons that do not 
participate in the electrochemical reaction). 
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Mr'$:' : '.tfo&us* • . ._ .a .... 

V. :-C. : . • . PCT/0SO1/28266 

,v . / . Mifable f OT tfeffer layos 155 and/or 255 include GeO, and SiO* 

:'v -^^».Get>? is relativ6iy p<tf6os an will "soak up» silver daring operation of device 
M m:Mm retard the than** diifesion of rifver to ion conductor 140, compared to 
• iteuctiir^ or device that do not inctode a buffer layer, men ion conductor 140 includes 
5 getfnimium, GeC* ihay be formed by exposing ion conductor 140 to an oxidizing 
;■ >:ientnlcrfmieni al a temperature of about 300 »C to about 800 »C or by exposing ion conductor 
'. :i40to an oxnlfemg eavkonment in the presence of radiation having an energy greater than 
. . teteti&tftekAeoaa^-ateM. TheGeOiniay also be deposited using physical 
; •• _ Vapor deposition (front a GeQ, target) or chemical vapor deposition (from (3eH< and an Qj). 
lb Buffer lays* can also be used to increase a "write voltage" by placing the buffer 

layer (e:ft, GeOk or SiO,) between ion c»ndu^ ^ 
y: buffer material allows metal such as silver to diffuse though the buffer and take part in the 
electrochemical reaction 

h attttdaritetvitoon at least one electrode 120 and 

t$ Ufk&tmtit* material suitable for tee as ah interconnect metal. For example, electrode 
i30 may form part of an interccamecl structure Within a semiconductor integrated circuit In 
atcordattce with One aspect of this embodiment, electrode 130 is formed of a material that is 
' substantially insoluble in material cnmi^g ion conductor 140. Exemplary materials 
■•: suitable for both imerconnect and electrode 130 material include metals and compounds 
20 such as tufig^eh, mete* molybdenum, platinum, metal silicides, and the like. 

Layers 155 and/or 255 may also include a material that restricts migration of ions 
betiveen conductor 140 and ihe electrodes. In accordance with exemplary embodiments of 
. the iiivemion, a battier layer includes conducting material such as titanium nitride, tfomium 
' :• tti^teri, a combination thereof. Or the like. The battier may be electrically mdrfferem, U, 
^^^.'^^^■^^ ^Sh stiuctutfe 100 or 200, but it does not itself 
;- . ^ ; ,yc«tMfeuwitms to <yuitit^Wfy*„to1lfr An eJectricany indiflerent hairier may 
***** tfefidrife during operation of the programmable device, and thus 

may febilitate ah "erasfe" or mssohrtion of electtodeposit 160 when a bias is applied which is 
opposite to that used to grow the electtodeposit. In addition, use of a amducting barrier 
allows for the "mdifferenr electrode to be formed of oxidizable material because the barrier 
prevents diffusion of the electrode material to the ion conductor. 

Ion conductor 140 is formed of material that conducts ions upon application of a 
sufficient voltage. Suitable materials for ion conductor 140 include glasses and 
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l^fc^awinafeiiais; In one exemplary embodiment of the ittVefttift^ ion conductor 140 
is fdin»ed of chalc^gemideniaterial. 

>Itm conductor 140 may also suitably include dissolved conductive material. For 
Sample; ion Conductor 14D may comprise a solid solution that includes dissolved metals 
and/Or metal ions. In accordance with one exemplary embodiment of the invention, 
: adductor 140. includes metal and/or metal kms dissolved in chaJcogenide glass. An 
exemplary chaicogenide glass with dissolved metal in accordance with the present invention 
inthtdes a Solid solution ofAsA^Ag, Ge^c.^Ag, GeA^Ag, AsA-^.Ge.Se.^Co, 
GejrSi^u, where x Hinges from about 0.1 to about 0.5 other chakogenide materials 
im3udmg silver, (Sopper, zihc, combinations of these materials, and the like. In addition, 
. wmdnetor 140 may include network modifiers that affects mobility of ions through 
ctMJductor 140. For sample, materials such as metals sflver), halogens, halides, or 
hydrogen may be added to conductor 140 to enhance ion mobility and thus increase 
- erase/write speeds of the structure. 
15 A Solid solution suitable for use as ion conductor 140 may be formed in a variety of 

ways. Fist 6ximpl«v _tb» solid solution mdy be foiined by depositing a layer of conductive 
material such as mWSl over an ion c*nduttrvte material such as chalcogenide glass and 
easing me metal and j^ass to tbemal and/oir p In accordance 

with one exemplary embodiment of the hwemion, a sohd solutton of AsjSy-Ag is formed by 
& depositing AsjS, onto a substrate, depositing a thin film of Ag onto the AssSj, and exposing 
tte films to ligta ^ 

waVelengm of less tb^ about 500 nanometers, tf desired, network modifiers may be added 
to ccmdtfctor 140 daring deposition Of conductor 140 the modifier is in the deposited 
tofcterialwp^^ 140 material deposition) or after conductor 140 material 

. is deposited (e.g r by exposing conductor 140 to an atmosphere mcwdmg the network 

'm^dnla); 

In fccCMdant* with another embodiment of the invention, a solid solution nay be 
ibiiifed by deposhmg one of the constituents onto a substrate of another material layer and 
reacting the first constituent with a.second constituent . For esample, germanium (preferably 
amorplkios) may be deposited onto a portion of a substrate and the germanium may be 
reacted with HiSe to forin a Ge-Se glass. Similarly, As can be deposited and reacted with 
the ifeSe gas, or arsenic or germanium can be deposited and reacted With HjS gas. Silver or 
other metal can then be added to the glass as described above. 
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In accordance with one aspect of this eflibodiment, a soKd sohition ion conductor 140 
is formed by dqpbat^ stffficifent lnetal onto anion conductor material such that a portion of 
the metal can bfcth^rved twthih the ion con<ractor rnaterial and a portion of the metal 
remains oil a surface of the ion conductor to form an electrode electrode 120} In 
atwdance with alternative embodiments of the invention, soBd solutions containing 
; dfesoh^ed metals ^ n^y be nlrectry deposited onto substrate 1 10 and the electrode then formed 
. oVerr^the^ 

An amount of conductive material such as metal dissolved in an ion conducting 
material such as chalcogenide may depend on several factors such as an amount of metal 
available for dissblutioh and an amo^ of energy applied duri% tne dissolution process. 
However, ivhen a sufficient amount of metal and energy are available for dissolution in 
c&lcogemde material tfsing photodissohrtion, the dissolution process is thought to be self 
finding, sobstahtially halting when the metal cations have been reduced to their lowest 
oitidation state: l*th*caseof 

silver concentration of about 44 atomic percent !£ on the other hand, the metal is dissolved 
in the chalcogemdfe material using thermal dissolution, a higher atomic percentage of metal 
m the solid solution may be obtained, provided a sufficient amount of metal is available for 
dissolution. 

In accordance With a further embodiment of the invention, the solid solution is 
formed by phototfssdtotion to form a macrbhomogeneous ternary compound and additional 
metal is added to the solution using thermal drfiusion <e.g., m an inert environment at a 
temperature of abotit 85 X to about 150 °C) to form a solid solution containing for 
example, about 30 to about 50, and preferably about 34 atomic percent shVer. Ion 
conduttbrs having a toetal conceiitration abdve the rmotod1sst>lutioh solubility level 
fidlftates forn^tion of elt^todi^m mat are thermafty stable ai o^iaiing ten^atures 
rim&caOy ISO of devices 106 and 200; Alternatively; t^ solid 

solution may be tormed by thermatiy mssorving the metal into the; ion conductor at the 
temperature noted above; however, solid solutions formed exclusively from photod^Iotion 
are thought to be less homogeneous than films having similar metal concentrations formed 
using photodissolution and thermal dissolution. 

Ion conductor 140 may also include a filler material, which fills interstices or voids. 
Suitable filler materials include non-oxidizable and non-silver based fnaterials such as a non- 
conducting, imrniscible silicon oxide and/or silicon nitride, having a cross-sectional 
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f ?; -Sy : -!v «Si«toon of less than abbot 1 nm, which do not coirtribuW to the grtrtvth of an 

■ y pertent of up to abbot 5 percent tb reduce a. ffifetfbpod that an electrode^ will 
liMaiJ^ dissfehfe Wo the supporting teinaty material as the device is exposed to 

5 . 

I^oWnan^ 

: **^*oss-se^ 

^*^^wMcAinaybetbes^ 

; sfectional dimension.^ to about 50 ton, is present in the fon pondnctor materia) at a 
30 

m^Mehassilvefor^ppe*^ 

m B^dam*.^ oikj eaterimlary embody 

includes a gemanmnvselenide glass with «l»ar di^ m the glass. Geamanimn sdenide 
^^*etypi^ 

.15 *<Sriefy of ways. In a Se»rich region, Ge is *foid coordinated and Se is 2-fold coordinated, 
i^ch mt^ th« a gl^ 

nmnber of about Z4. Glass with this coordination number is considered by constraint 
courting theory to be optimally constrained and hence very stable with respect to 
- deVhrffieatioa The network in such a glass is known to sClf-organize and become stress- 
fiee, making it easy for any additive, eg., silver, to ffhely disperse and form a mixed-glass 
solid solution. Aceoruingly, in accordance with one embodiment of the invention, ion 
conductor 140 includes a glass having a composition of Ge^SeO* tb Ge^Se^ 

The composition and structure of ion conductor 140 rnaterial often dep^ 
Sttrtmg or target material used to form the co*l»ctor. Generally, ft desired to form a 
hbmdgttbto.n^efial %er fbr, condua» 140 to Mite iefiable and i re^le device ; 
j^ofmahce. In accortaace whh one eabodmfcrt of the invertion; k target for physical' 
vapor deposition of material suitable for ion conductor 140 is formed by selecting a proper 
ampoule, preparing the ampoule, maktiunmg proper tettp^tures during formation of the 
glass, slow rocking the corrmosnion, and quenching the composition. 

Volume and waD thickness are important fedora for consideration in selecting an 
ampoule for forming glass. The wall thickness must be thick enough to withstand gas 
pressures that arise during the glass formation process and are preferably thin enough to 
facilitate heat exchange during the formation process. In accordance with exemplary 
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^ form Searid Te based chalc^omfe gla^ where* qaarte ampoules with a wall 
thiciness tf afoot U ma areused to form siilfut-based cfalcogaida glasses. In addition, 
the volume of the ampoule is prefenmly selected such that the vohtoe of the ampoule is 
9 about five timwgreaterthati the B^d glass precuraw material 

0^ the anfoole is selected, tlfe a^ 
. accordance with one embodiment of the myention, by cleaning the aMpttule with 
hydroihttricatid, eflaitol and acetone, diyiugtlieampoufefwatl^ no 
- "C, evsaiafing the ampoule and beating the ampoule until the ampoule turns a chary red 
10 ftslor and coofing the ampoule under vacuum, filling ampoule with charge add evacuating 
the ampoule, heating the ampoule while avoiding melting of the constituents to deswb any 

which in turn premotes inacrolwrnt^eiieOiBgrcrtWh of the glass. 

The melting temperature Of the glass formation process depends on the glass 
material In the case of germanrom-based glasses, sufficient time for the chalcogen to react 
at low temperatnfe with all available germanium is desired to avoid explosion at subsequent 
elevated tanperatures (the vapor pressure of Se at 920 °C is 10 ATM. and 20 ATM for S at 
ftPC): To reduce the risk Of explosion, the glass formation process . begins by ramping the 
ampoule temperature to about 300 °C for sdenmm-based glasses (about 200 "C for suMur- 
,20 based glasses) over the period of about an hour and maintaining this temperature for about 
12 hours. Next, the temperature is elevated slowly (about 0.5 "Ctam) up, to a temperature 
about ^Cmghertlumthenqmto 

abouttbis temperature for about 12 Iworsl The tanpoafare is then elevated to abont940°C 

: to ensure melting of all threaded | g&marmtm for Se4>ased glasses or about 700 °C for S- 

: ^ gla***si *ho ami^ should remain atthis elevated temperature for about 24 hours. 
Themes 

at I^t about six hours to increase the humogetieity of the glass. 

benching is preferably petfoimed ftcm a temperature at wM^^ 
liquid are in an equifibrium to produce vitrification of the desired composition. In this case, 
the quenching temperature is about 50 «C over the liquidus temperature of the glass material 
Cnalc*gemde-rich glasses include a range of concentrations in which under^nstrained and 
Wer^nstrained glasses exist In cases where the glass composition coordinated number is 
far from the optimal coordination (e.g., coordination numbers of about 2.4 for G^Se 
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systems) the clenching rate has to be last enough in order to ensure vacation, e.£, 
quenching in ice-water or an even stronger coolant such as a nrixrare of urea and ice-water. 
Itfthe^ofoj^ 
D C. 

5 : In accordance^ 

siructtire iOfr is formed within a via of ah ihsnlating material 156. Forming a portion of 
structure 100 within a via of an insulating material 150 may be desirable because, among 
other reasons, such formation allows relatively small structures, on the order of 10 
r^ometers, to be formed In addition, insulating material 150 facilitates isolating various 
10 structures ICO from omer dectrical components, 
msirfatmg material 150 « 
electrons and/or ions from slructitfe 100, In accordance with one embodiment of the 
invention, material 150 includes silicon nitride, silicon oxynitride, polymeric materials such 



15 A contact 165 may suitably be electrically coupled to one or more electrodes 120,130 

to ficilitafe forming electrical contact to the respective electrode. Contact 165 may be 
formed of any c^ductive material and is preferably formed of a metal such as ahiniinum, 
ahiminurti alloys, tungsten, or copper. 

Iri accord&Hto with One embodiment of the invention, structure 100 is formed by 

20 forming electrode 130 on substrate 110. Electrode 130 may be formed using any suitable 
method such as, for example, depositing a layer of electrode 130 material, patterning the 
electrode material, and etching the material to form electrode 130. Insulating layer 150 may 
be formed by depositing insulating material Onto electrode 130 and substrate 110 and 
forming vias in the instating material using appropriate patterning and etching processes* 

2f Jon totidottot 14a and electrode iiD may then be fcdned within hisulating layer 150 by 
dejiosrang ieh ctfAcra^^ and elecfrbde 120 inaleriai wiuim the via. Such ion 

cdfitoctor and electrode material deposition may be selectiv6 - Lk, the material is 
substantialfy deposited only within the via, or the deposition processes may * be relatively 
nonselective. If one or more non-selective deposition methods are used, any excess 

30 material remairiing oil a surface of insulating layer 150 may be removed using, for example, 
chemical mechanical pohshing and/or etching techniques. Barrier layers 155 and/or 255 
may similarly be formed using any suitable deposition andVor etch processes. 
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InforuMkmniay^^^ 

marnpoiating o»e or more electrical properties of the structures. For example, a resistance of 

operation. Similarly, the device may be changed ihan a °1» state to a ^ state dnimg an 
5 erase operation. In addition, as discussed in mora detail below, the structure may have 
multiple programmable states such that multiple bits of herniation fire stored in a single 
structure. 

: WRliE OPERATION • 
;tt K ^ 3 ^sirates oarent^vb 

^c*ure2W»»ec^^ in ^ fljurtnited embodnnent, via 

• diameter, D, is abttot 4 microns, conductor 140 is about 35 nanometers thick and formed of 
GejSeMg (near AsgGesSejX efcctrbde 130 is indifferent and formed of nickel, electrode 
ll6fe fornred6fsilVer,and batrier 255isa As ilhrstrated in Figure 3, 

ctfrrent through structure 200 in an off state (carve 310) begins to rise upon application of a 
bias of Over about one volt,' however, once a write step has t*en performed (le., ah 
electrudepttrit has formed), the resistance through conductor 140 drops significantly (le., to 
about 200 ohmsX illustrated by curve.320 in Figure 3. As noted above, when electrode 130 
is coupled to a more negative end of a voltage supply, compared to electrode 120, an 
electrodeposit begins to foim near electrode 130 and grow toward electrode 120 An 
effective threshold voltage (i.e., voltage required to cause growth of the electrodeposit and to. 
break through barrier 255, thereby coupling electrodes 320, 330 together is relatively high 
because of barrier 255. In particular,, a voltage V* V T must be applied to structure 200 

insula^ mylr) ttj fbtm ti«J eleBBfcidepoat and to oleoma the barrio (elg; by tribnefcng 
u^gnorj^e)^ 

In accordance with alternate enuV)dmiento of uSe mveitfon, where no 
barrier layer is present, an initial "writer threshold voltage is relatively low beciu.se no 
insulative barrier is formed between, for example, ion conductor 140 and either of the 
30 electrodes 120, 130. 
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A stale' of the device (e.g, 1 (jf 0) may be itad, wiitoirt !%mfic^tly disturbing the 
State, by, for example^ applying & forward tor reverse bias of magnitude less than a -voltage 
thttshold (about 1.4 V for a structure illustrated in Figure 3) for dectrodeposhioji or by 
using a current limit Which is less than or equal to the nnnimum progranming current (the 
Sanaa which will produce the highest of the on resistance valoesX A current limited (to 
about 1 mufiainp) read operation is shown in Figure 3. In this case, the voltage is swept 
ft^0toabo«2Vahdttecii^ 

low resistance (ohmicfeir currtnt-Voltage) W state Another way of perfonning a non- 
diswirb read operation is to apply a pulse,- with a relatively short duration, which may have a 
voltage higher than the deettt>chermcal deposition threshold voltage such that to appreciable 
Fara^currertf^ows,/.^ 
not into the electrodeposhion process. 

15 ERASE OPERATION 

A programmable structure (ag, structure 200) may suitably be erased by reversing a 
bias applied during a write operation, wherein a magnitude of the applied bias is equal to or 
greater than the threshold vohage for electrodeposhion in the reverse direction In 
accordance with an exemplary embodiment of the invention, a sufficient erase voltage 
20 (\te V T ) is applied to sfructure ZOO for a period Of time which depends on the strength of the 
iiutial connection but is typically l*s than abcart 1 miihse^ 

W state having a resistance well in excess of a million ohms. In cases where the 
programmable strocture does not include a barrier between conductor 140 and electrode 120, 
a threshold voltage for erasing the snntture is much lower than a threshold voltage for 
'f; y^fo*ti^*i^ unlike the write operation, foee*ase optSatioti does not require 
election tunneling tfroogt , a barrier or battier breakdown 

CONTROL OF OPERATIONAL PARAhlBTERS 

the concentration of conductive material in the ion conductor can be controlled by 
O applying a bias across the programmable device. For example, metal such as silver may be 
taken out of solution by applying a negative voltage in excess of the reduction potential of 
the conductive material. Conversely, conductive material may be added to the ion conductor 
(from one of the electrodes) by applying a bias in excess of the oxidation potential of the 
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niaterial. thus, for eiample, if the cttodu'ctive material concentration is above that destnid 
f(» i p^Jat device applicat^ the co^^ 

derife to reduce the conce^ Shmlarly, metal may be 

added to the solution from the oddtzaUe electrode by applying a sufficient forward bias. 
5 AddMohalftftispossfoletoreii*^ 

-applying a revetse bias for an extended time or an extended bias over that required to erase 
' me device under ndro^o Control of the conductive material may be 

abcbmpliahrf automatically using a suitable microprocessor. 

Inisieehmqoe- may.alsO be used to form one Of the electrodes from material within 
theioncxmthrctormateriaL For example, sflver from the ion conductor niay be plated out to 
form the oxiokable electrode. This allows the orfdfeable electrode to be formed after the 
device is folly formed and thus mitigates problems associated with conductive material 
diffusing from the oridizable electrode during manufacturing of the device. 

As noted above, in accordance with ye* another embodiment of the invention, 
multiple bits of data may be stored Within a single programmable structure by controlling an 
amount of efedrodeposit which is formed during a write process. An amount of 
electrodepOsit that forms during a Write process depends on a number of wnflombs or charge 
supplied to the structure during the write process, and may be controlled by using a current 
limit power source. In this case, a resistance of a programmable structure is governed by 
Equation 1, where R«, is the "on" state resistance, V T is the threshold voltage for 
electrodepositioh , and Wis the maximum current allowed to flow during the write 
operation. 

Ron = ' ; 1 ■' 
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Equation 1 



In practice, the limhation to the amount of infomiation stored in each cell will 
depend on how stable each of tie resistance states is with time. For example, if a structure is 
wifh a programmed resistance range of about 3.5 Ml and a resistance drift over a specified 
time for each state is about ±2500, about 7 equally sized bands of resistance (7 states) could 
be formed, allowing 3 bits of data to be stored within a single structure. In the limit, for 
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of states, /.e., in analog form. 

A jportion of an integrated Circuit 402, including a programmable structure 400, 
. cfciffigurtfJ to provide additional isolation from electronic component is illtostratecTm Figure 
5 4. In dccdrdance with an exemplary enibotfiment of the present invention, structure 400 
' : 7 includes dettrbdes 420 awi 430, an ion conoSjctor 440, a contact 460, and an amorphous 
silicon diode 470, such as a ^ttky or p-n junction 
electrode 420. Rows and columns of prog^ 

high density comlguration to provide extremely large storage densities suitable for memory 
10 ctttuitl In general, the rnaxn^ 

m complexity of the column ahd row decoder drcuhry. However, a programmable 
structure storage stock can be suitably fabricated overlying an integrated circuit with the 
entire semiconductor chip area dedicated to row/column decode, sense amplifiers, and data 
management circuitry (not shown) since structure 400 need not use any substrate real estate. 
15 In this manner, storage densities of rnairy gigabits per square centimeter can be attained 
tisiiig programmable structures of the present invention. Utilized in this manner, the 
Jjrogralnmable structure is esseirtialry an additive technology that adds capability and 
functionality to existing serniconductor integrated circuit technology. 

Figure 5 schematically illustrates a portion of a memory device including structure 
SO 400 having an isolating p-n junction 470 at an intersection of a bit line 510 and a word line 
520 of a memory circuit. Figure 6 illustrates an alternative isolation scheme employing a 
transistor 610 mtetposed between an electrode and a contact of a programmable structure 
located at an iritersectidn of a bit line 610 and a word fine 620 of a memory device. 

Figures 7-10 illustrate programmable devices in accordance with another 
S eml>6a^ejttt of the invention. The devices ilhistrated in Kgures 7-10 have an electrode (e.g., 
tfie camYkle fofinjj a write process) with a stnaifer cross sectional area in contact witli the ioii 
cbnoVetor compared to the devices illustrated in Kgurfes 1-2 and 4. The smaller electrode 
interfece area is thought to increase the efficiency and endurance of the device because an 
mcreased percentage of ions in the solid solution are able to take part in the dectrodeposit 
formation process. Thus any cathode plating from ions that do hot participate in the 
electrodeposh process is reduced. 

Figures 7 and 8 illustrate a cross sectional and a top cut-away view of a 
programmable device 700 including an indifferent electrode 710, an oxidizable electrode 
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%6, and an foW conductor 730 former overlying an insulating layer 740 such as sflicon 
o*idc, Silicon nitride, Or the like. 

Slfoctart 700 is folmed by depositing an mdiffereot electrode material layer, and an 
insulating lay& 750 overlying insulating layer 740. A via is then forined through layer 750 
and ele^d&ttkerial layer 710, using an anisotropic etchprocess (e.g, reactive ion etching 
drion nn^g)'kich that the via extends to and/or through a portion of layer 740. The via is 
then filled With ion tbiiiroefor material and is suitably doped to forin a solid solution as 
described herein. Airy excess ion conductor material is removed from the surface of layer 
750 and electrode 730 is formed, for example using a deposition and etch process. In this 
ease, the mdifterent electrode (cathode during write process) area in contact with ion 
coSducfof 730 is the surface area of electrode 710 about the perimeter of conductor 730, 
: . rate 

figures 9 and 10 illustrate a programmable device 900 having an mdifferent 
el'e«W6de : 9l0, anoxidiahle electrode 920, an ion conductor 930 and insulating layers 940 
15 . and ;950 in accordance with yet another embodiment of the invention. Structure 900 is 
.similar to structure 700, except that once a via is formed through layer 750, an isotropic etch 
process (e;g, chemical or plasma) is employed to form the via through electrode 910, such 
that a sloped intersection between an ion conductor 930 and electrode 910 is formed. 

figures 11 and 12 illustrate another programmable device 1100, with a reduced 
electrbdfefidn conductor interface, in accordance with the present invention Structure 1 100 
includes electrodes 11 10 and 1 120 and an ion conductor 1 130, formed on a surface of an 
inflating material 1140, rather than within a via as discussed above. In this case, the 
programmable structure is formed by defining an ion conductor 1130 patter on a surface of 
n^ating material 1140 (feg., using deposition and etch techniques) and forming electrodes 
.pltmim^Witf&i^ each contact a portion of the ion conductor. In the 
^mWaieu;^ are formed ovttfyihg and in contact with 

b^ ap^oh of me;^ Although the thickness of * 

the lay ers ina? be'varied in accordance With specific applications of the device, in a preferred 
embodiment of the invention, the thickness of the ion conductor and electrode films is about 
inm to about lOOnm. Sub-hthographic lateral dimensions of portions of the device may be 
Obtained by overexposing photoresist used to pattern the portions and/or over etching the 
film layer. 
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ftgnre 13 iifu'sfrates a device 1300 in adcordance with yet another embodiment of th 
hrvehtion. Sttuctoxfe l5o6 is amBat to 
h^cross-^ 

by fiUMg a portion of a via with notion conductor material, rather than etcfcmg thitmgh an 
'■5 electfofle lafer. 

Structifc f3Wi4ciides eJedrbdes 13T0 and 1520 and an ion cbnductor 1330 formed 
Tvitmn ^"ins^a^g layer 1340. In this case, ion conductor 1330 is formed by creating a 
trench wrtimi insulating Jaye* 1340, the trench having a diameter indicated by D2. The 
: . ft&dx is" then filled using, for example, interference Mography techniques or confonnally 
10 m^tbeviawnhi^^ 

oMe in^lafe^ Structure 13(X) formed using 

this feamiqpe majf Have a ion conductor cross sectional area as small as about lOnm in 
eOrtectwrm electrode^ 1310 and 1320. 

Fibres 14^17 illustrate another embodiment of the invention, where the cross 
15 secuonal area of the ion c^nductoi/dectrode interface is relatively small. Stracture 1400, 
flhislrSted in 15gtSre 14, includes electrodes 1410 and 1420 and an ion conductor 1430. 
Structure 1400 is formed in a: manner similar to structure 700, except that the ion conductor 
material is deposited confofinally, using, for example ehemical vapor deposition or physical 
vapor de^c^on, into a trench, and the trench is not filled with the ion conductor material 

Structure 1500 is similar to structure 1400, except that an ion conductor 1530 is 
formed by etching a portion of ion conductor 1430, such that a via 1540 is formed through to 
electrode 1410. Suiicntfe T600 is similar to structure 1500 and is formed by coraformally 
delating the ion conductor material as described above and then removing the ion 
conductor nMerial fifrm a surface of insulating material 1450 prior to depositing electrode 
$ { 14^^ be formed by selectively deposing the ion 

conAic^ iftd nia&riaTi into only a poruori of the trench formed in insulating rnaterial 1450 
(kg* usmg angled deposition and/or shadowing techniques), removing any excess ion 
conductor material on the surface of insulator 1450, and forming an electrode 1720 
overlying the insulator and in contact with ion conductor 1730. 
D Figures 18 and 19 illustrate yet another embodiment of the mvention, where a pillar 

or wall within a trench is used to reduce a cross-sectional area of the interface between the 
ion conductor and one or more electrodes. Structure 1 800, illustrated in Figure 1 8, includes 
electrodes 1 8 1 0 and 1 820 and an ion conductor 1 830 formed within an insulating layer 1 840. 
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& a^ifitioa, stmCtute ISOVintiudeS a' pillar 1850 of insulating material (eg, insulating 
^al^alus^^ Structure 1800 

may be formttf usmg theshadowed deposition technique discussed above. Structure 1900 is 
v to 1900 includes a partial pillar 1950 and an ion 

.5 conmicfor 1930, which fills the regaining portion of theforthed trench. 

rs figure 20 flrostiates yet another structure 2000 in accordance with the present 
invention. StrOcttire.2000 includes electrodes 2010 and 2020 and an ion conductor 2030 
formed witiiin ah insulating layer 2040. Structure 2000 is formed using an anisotropic or a 
combination of an anisotropic and an isotropic etch processes to form a tapered via. Ion 
fo ;cttnimctor 2030 jStnWk fo^irf^nhm the trafchosing techniques previously described. 

figures 21-2* iltostraie jfogiammablfe devices in accordance with yet another 
^bbdmient of thfe invention. The sttacmrts illustrated in figures 21.24 include a floating 
etectrode, winch allow* multiple Sits of nrfermation to be stored within a single 
progr&itimable device. 

15 StW^ 2l06 hichidelS a first 616^6 2116, 3 56^^308^616^6 2120,3 

third electrode 2l30,.ioh conductor portions 2140 and 2150, which may all be formed on a 
. &fofra^^^ Although structure 

2100 is ilhtstriited.m .a vriticaa configuration, the structure may be formed in a horizontal 
configuration, similar to strucrare lfoO. In accordance with one aspect of this embodiment, 
the first and third eleXStrtfeS atfe foHned of ah indifferent electrode and the second electrode 
is fow*d Of an oxidizable electrode material. Aherhatively, the first and third electrodes 
may be foimed of cWdizabte electrode material and the second, floating electrode may be 
filmed of an indifferent electtode material In either case, the structure includes two "half 
^ens," where each half .cell functions as a programmable device described above in 
■■^^^ ****** configured such that the resistance bf 
v^ehhifCeli differs 0ak^t^M<k of tne other half cell when botbceOs are in an erased 
•V State. ' • 

.* electrode 2120 is formed of dxidfeable electrode material, 

bits bf data may be stored as follows, the overaD impedance of structure 2100 is 
approximately equal to the resistance of portions 2140 and 2150. When no eleclrodeposit is 
formed within either portion, tins high resistance state may be represent by the state 00. 
When a voltage is applied to structure 2100, such that electrode 2130 is positive relative to 
electrode 21 10 and the applied bias is greater that the threshold voltage required to form an 
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eledrc^^bsit in portion 1140, an etefrodeposit 2160 will form through conductor pcrtiota 
2140 ftoin eletfrode 2110 toward floating electrode 2120 as illustrated in Figure 22. Under 
this condition, an datfrroie^sft 

2150 is under a reverse bias condition and thus will not siipport growth of an electrodeposit 
the growth of the electrodeposft ^ of portion 2140 from Zi to Z\% 

thus changing the overall impedance of structure 2100, which may be represent by the state 
0L lie current level used to form dectrwJeposh 2160 should be selected such that it is 
sfcffitieiitry low, allowing the electrodeposit to be dissolved upon appficalion of a sufficient 
reverse bias. Atbfifd state niaV be formed by reversing the polarity of the applied bias across 
electrodes 2110 and 1130, such that most of the voltage drop occurs across the high 
resistance io* conductor portion 2150 and formation of an electrodeposit 2170 begins, as 
ittnstrated in K^ ^/wMS6ut caiising electrodeposit 2160 to dissolve. The impedance of 
portion 2150 changes from 7* to 7^ y and the overall impedance of structure 2100 is Zf plus 
%l\ which may be represented by the state 11. Once both half cells are in the write state, 
electrodeposit 2160 and/or 2170 may be dissolved by applying a sufficient bias across one or 
both of the hair cells. Electrodeposit 2170 can be erased, for example, by suffiriehtry 
natively biasing electrode 2130 with respect to electrode 2110, which may be represented 
by a state 00. The four possible states, along with the current JimR used to form the state, are 
represented in table 1 below. 
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Table 1 ; 



Strocbfe 2100 can be changed to 11 from state 10 by applying a low current limit 
bias to grow electrodeposit 2150 in portion 2140. Similarly, structure 21 00 canbechariged 
from state 11 to state 01 by dissolving electrodeposit 2170 by applying a relatively high 
current limit bias such that upper electrode 2130 is positive with respect to lower electrode 
2110. Finally, structure 2100 can be returned to state 00 using a short current pulse to 
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dissolve dfectrbd^osit 2160, using a Current which is high enough to caose 
fecafiiea heating of the electtodeposit This will increase the mewlcoricemration in the 
hafcceu btotius excess metal can he removed electrically from the cell by plating it back 
onto the floating elechbde. This sequence is summarized in table 2 below. 




Existing Mate 
llppfef+LoWetr 



Low 
High 
Thermal 



Z| 
Z,' 
2,' 
2i 



Z/ 
Z/ 
z, 

Z, 



.10 

11 

01 

00 



Table 2 
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Other ttoite and erase sequences Sre alsb possible (as are other definitions of the 
10 varfcns states For example, it is po«dble to go 

from state 00 to tfh* stete 01 or state 10, depending on the write polarity chosen. 
Simflariy, it is possibfe to go from state 1 1 to either state 10 or state 01. It is also possible to 
gofiomstateil tostateOObytheappficationofacmte^ 

high and short enough to thermally dissolve the electrodeposits in both half-cells 
15 simultaneously. 

In addition to storing mformation in digital form, stroctore 2100 can also be used as a 
low ehfergy anti-fuse element for use in field programmable gate arrays 
(FtGAs) and field configurable circuits ami systems. Most physical anti-fuse technologies 
retire large fcfoems and Vt>«agWto make a permanent (xmnfectiou. the need for such high 
efetgy s^swnimng stimuli is generally considered to be sOmewhm beieficial as . tins 
. iiESfocSs tbie likelihood of the ahlHfuse afctidentally fbiming a connection in electrically noisy 
situations. However, the use of high voltages and large currents on chip represent a 
significant problem as all components in the programming circuits are typically sized 
accordingly and the high energy consuoiptiori reduces battery life in portable systems. 

Figures 25*29 illustrate structures in accordance with another embodiment of the 
invention in which multiple programmable devices include a common electrode (eg, the 
devices share a commou anode or cathode Forming structures in which multiple structures 
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share a corimibn eledrdd is advantageous because such structures allow a higher density of 
ceHs to be formed on a given substme surface area. 

: Mgutes 25'and 26 iflristrate a structure 2500, liaving a horizontal c<an1guralioii and a 
ctmwh dectoode, Sniictore 2500 includes an eletuical connector 2510 coupled to a 
common t sttrfece electrode 2520, dectrodes 1530 and 2540, and ion conductor portions 2550 
"and 256^tffc^ Sector* 2500 may be med to form woM aiM 

bft lines as described above by forming a row of electrodes (ag., anodes) coupled to 
cxtomictor 2510, and coMntos of oppositely bias electrodes (*g., cathodes) running 
I>apendicular to dectrodes 2520. A conductive plug, formed of any suitably cbnctocting 
material can be used to d^caDy couple electrode 2520 to conductor 2510 Although 
illustrated witii a torizoirtal configuration, common electrode structitf es in accordance with 
thisembc^e&ma^ 
herein. 

Figures 27 and 28 tfmstrate additional structures 2700 and 2800 having a common 
15 electrode shared between two or more devices Structures 2700 and 2800 mcmteacOmmbn 
deetrode, dectrode* 2726 and 2725, ion conductors 2730,2735 and 2830, 2835 respectively, 
and insulating layers 2740 and 2750, Structures 2700 and 2800 may be formed using 
techniques described above in connection with Figures 15 and 16— e.g., by confonnally 
deffcsrimg ion cb^ accordance with 

another embodiment of the invention, directorial deposition may be used to form a structure 
similarto structure 1700. Structures 2700 and 2800 each mcmde two ptograinmable devices 
inctodmg common electrode 2710 an ion conductor (e.g., conductor 2735) and another 
electrode (e.g^ electrode 2725> Dielectric material 2750 is an insulating material that does 
. ; not interfere with suffece electrbdeposit growth, such as silicon oxides, silicon nitrides, and 

%ufe2PilrttWtf 

2916 formed abdut a common electrode 2920. Each of the devices 2902-2916 may be 
formed using the method described above in connection with Figure 21. In the ernbodmient 
illustrated in Kguf e 29, each of dectrodes 2930-2936 and 2938-2944 may be coupled 
50 together in a direction perpendicular to the direction of common deetrode 2920, such that 
electrode 2920 forms a bit line and electrodes 2930^2936 and electrodes 2938-2944 form 
word lines. Structure 2900 may operate and be programmed in a manner similar to structure 
2100 described above. 
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to siSfcitt^ ^ l^it inv^on, a jpjbgwiittbabie 

tfOtM^or device stores infewiiatkto by staring a charge as opposed to grooving an 
decttodeposit A Gipscateite of a structure or device is altered by applyhig.a bias across 
electrodes of the device stoch that positively charged kms rmgrtte toward one of the 
dectrodes. If thtf applied Has is less thai a wire threshold voltage, rio short will form 
beWeen the dectrodes: C^acitance of the structae changes as a result of the ion rnigration. 
When the applied bias is rernovedVthe rrietal ions tend to d^bse away trbrn the dectrbde or 
a barrier proxirhate the electrode. However, ati interlace between an ion condnctor and a 
barrier is generally irhperfect and includes defect* capable of tr^ptoing ions. Thus, at least a 
ptatitii of urnrno^ at Cff proximate an interfice between abarrier arid an ion conductor. 
If aTvrite voltage is reversed; the ions My suitably be disused away from the irjterW 

A r^graffirnabfe structure in accordance with the present irrvention may be used in 
many appfcc^ns tvhich Would otherwise utilize tradldonai technologies such as EEPkOM, 
FLASH or DRAM Advantages provided by the pn^ nrvention ^ 
techniques^ 

rabrii&rioii techmques vMch ate easily adajteble to a variety of a^phcftfons. The 
proferamrhable strmures of the present Invention are eSpeeialry advantageous in applications 
V/here cost is the prnnary concern, such as smart cards find electronic inventory tags. Also, 
an ability to forrn the memory directly on a plastic card is a major advantage in these 
ajJpUcations as this is generally not possible with other forms rfserniconductor memories. 

Further, in accordance with the prbgrarnmable structures of the present hrvention, 
memoiy elements may be scaled to less than a few square microns in size, the active portion 
of the device being less than on micrbn. This provides a significant advantage over 
trauJlSonal senir^ in winch each device and its associated interonmect 

$ cWtakeu^^ 

Addrboliaily, fife devices of the present intention red>ire relatively low energy and 
do not require i rerre^hing. w Thus, the devices are weft suitable for portable device 
apphcations: 

Although the present invention is set forth herein in the context of the appended 
drav^gtrg^ it should be appreciated that the invention is not hmited to the specific form 
shown For example, while the programmable structure is conveniently described above in 
connection with programmable memory devices, the invention is not so limited; the structure 
of the present invention may suitably be employed as programmable active or passive 
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a inic^ec^ rircahv FWhe*^ 
mstn^ as ihctoding barter, barrier, or transistor coinpoiieiib; any of the* cotiponrts 
may; be aiMed to the devices of the present inveiitiou Various other n^carion* 

forth teem, may be made without departing from the spirit an* Scope of the present 
inVenWas set lbrtkin the appended claims. 
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1. AMtirtM 

^b^o^leti^^ 

an mdh^erent dectrode pn^Bteihok>nc(^dte, 

1 ™fclnic^ 
lb bu£fer )ay» t^tv^eii tfe <«ddi2able eJectfode and the km 

1 He micarodectt^ progranmable structure of chain 2, wher^ the Imffw 

ivhcrtxk^AgA^vlierey^ 1, Cufc, CriO, CuS, CuSe^ CuTe, Get)* andSO* 

15 

4. life imcroelectronic pifcgrainmable structure of claim 1, wherein the 



5. The f fltdcfoelfe^tronic programmable structure of claim 1, wherein the 
26 brienzable electrode wmpiiires a material selected from the group insisting of a transition 

metal sulfide and a transition metal selenide. 

6. The nncroelectronic itfogranimable structure of claim 5, wherein the 
^dfc^lede^^ 

7; tte ;n^^6ctit)ntc pr%ammable structure of claim 5, wherein the; 
oxidizable electrode metises TaS^ 

X The nncrodeclxbnic jprOgrarmriable structure Of claim 1, wherein the 
SO oxidizable electrode comprises Agl. 

9, The microelectronic programmable structure of claim 8, wherein the 
oxidizable electrode comprises excess silver. 
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It>. Ute micro^ect/omc programmable structure of claim .1, wherein the ion 
ctfnoiictor corcgirises a solid solution selected from the group consisting of Ass«Si-*-Ag, 
Ce^ei^Ag, Ge^Sj^Afe As^Cu, Ge^e^Cu, Ge^^Co, where x ranges from about 
5 0.1 to abort 05. 

11. The rjaicroelecfronic programmable structure of claim 10, wherein the ion 
coirfbctbr corfjprise^ a filler materiai 

10 12. The microdectroiiic programmable structure of claim 1 1, wherein the filler 

material comprises a dielectric and is present in the ion conductor at a volume percent of up 
feabolrtSOpercent 

13. The inicxoeleciromc prbgfammabie structure of claim 11, wherein the filler 
15 material comprises a dielectric arid is pr^^ 

to about 5 percent 

14. the rmcroeJectromc programmable structure of claim 11, wherein the filler 
material comprises silver. 

*> 

15. The inicroeiectronic programmable structure of claim 1, wherein the ion 
conductor combes a glass having a composition of GeanSe&.e* to Gt^Se^^ 

16. lie initfoelecoVOnic prograrntnaMe sWcture of claim 15, wherein the ion 
S' c5h^ :\ 

17. l&imcro^ectronic prog^animabie structure of claim 1, further amtfrising a 
transistor in contact with one of the riridizable or the mdifferent electrodes. 

D 18. The JDoicrodectronic programmable structure of claim 1, further comprising a 

diode in contact with one of the oxidizable or the indifferent electrodes. 
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19, The l^^oefectroiric jtfogratoi^able striictarc of claim 1, therein the ion 
colntoctorisfdrr^ 

20. The mior^electronic programmable structure of claim 19, further comprising 
5 a diode formed within the via. 



21. The rniCToeJectromc ^rc>grainmabJe structure of claim 19, wherein the ion 
conductor contacts the mcfifrerent electrode about a portion of the perimeter of the ion 
conductor. 

6 

22. The niic^ectronic prograinmable striacrure of claim 21, wherem the ion 
conAictor contacts the indifferent electrode about a sloped portion Of the perimeter of the ion 



5 23. the rnicroelectroiiic programmable structure of claim 1, wherein the 

indhTerent electrode, the oxidbabie electrode, and the ion conductor are formed on a surface 
of an insulating material layer. 

24. The microelectronic proginrnmable structure of claim 1, wherein the ion 
conductor is formed withm a via of a first insulating material layer, and wherein the 
programmable structure further comprises a second insulating material formed within the 
via. 

25. the riucroelectronic prograrnmaole structure of claim 1, wherein the ion 
Wfcto**^ **** a sidewall of a via formed whhm an fnSulating iayer. 

26\ the microelectronic prograrnmable structure of claim 1, wherein the ion 
conductor is formed within a sloped via within an insulating material layer. 

2l the microelectronic programmable structure of claim 1, further comprising a 
barrier layer between me mdrJferer^ 
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28. the mi^oelecfrotac prograinmaDle sector* of cfeim 27, wherein the bamet 
layer con^ 



29. TOenAfroelect^^ 

5 layer comprises an insulatmg material 

30. The mJ(*^ectioiMcprograDMDab]e stractureof claim i, wherein surface area 
of the mtiftu&at electrode in contact with the icm c^ 

the oxidifcable dectrode in contact with the ion conductor. 
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31. The nncrod&*roMc programmable structure of claim 1, wherein an interface 
between the in&rferent dectrode and the ion conductor is roughened. 
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33 - ^^^c^piogiraini^ device of claim 32, wherein the 

;-35 coitfffises an coddizable eiectf t>de material. 

34: Thenniltk^programn^ 
first and third electrodes comprise an coridizable electrode material and the second electrode 
comprises ah indifferent electrode material. 

M 

35. A multi-cell programmable microelectronic device comprising; 
a plurality of electrodes of a first type; 
a plurality of electrodes of a second type; and 



32. Ainulti^llprogimma^ ' 
J 5 a first electrode of a first type; 

a second electrode of a second type; 
a first ion conductive mtt 
electrode and the second electrode; 

. a third electrode of a first type; and 

a second ion conductive material of a second resistance hite^ | 
the second electrode and the third electrode. ! 
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Mi PCT/USOJ/282^ / 

a plurality of ion conductor strbctoes, wlierein at least one of the pJtoaHty of 
io*i condoctor stmctures is interposed between one of the plurality ot electees of a Brk 
tfpe arid one of the plura% of electrodes of a second ^ and 

wherein a plurality of electrodes of a fito type are electrically coupled 

5 tbfeetiiej. 



36. "The inuiti-cell ftogrammable microdectronic device of claim 35, wherein the 
plurality of dectmdes of a first type comprise oxicfizable electrode material 

*0 37; The muH^cell programmable micxodectronic device of claim 35, wherein the 

ptorafity of electrodes 6f a first type comprise indifferent electrode material. 

38. The inuJtceil programmable imcrbeleetronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed within a via within an 

15 



35L The nmlti^cell programmable mic/oelectroiiic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed on a surface of an 
inflating material layer. 

20 

40. A method of forming a programmable microelectronic structure, the method 
comprising the steps of. 

providing a snbstrate; 

forming aiayer -of eleetrwlematerid of an^ 
25 .-. forming an insulating layer overlying the lafer ctf dectrode material of a first 

. :pm ' ■ • ; . . • • 

forihing^ 

ofa first type; 

depositing ion conductor material into the via; and 
36 fo^gandectrc^eofasecondtyp^ovCT 

41. The method of claim 40, wherein the step of forming a via includes 
isOtropicalry etching the insulating layer. 
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41 The ntahbd tff claim 40, wherein the step of forming a ria includes 



../■5- 43. th e n^ 6f claim 4 0, ^ere& the Step of fonmng a via includes 

" »^pica%e^ 

: H - mettiDd of dain 4 °. herein the step df fonning a via includes 

;io 

45. the method df claim 40, fitfther Comprising the step of applying' a Mas across 
the electrode material Of the first ty^ and the decirode n^ate^ of tl« se^obd type to 
^ manipulate a con«snnnuon of cdiiducthe material m me ion TO ndoctor. 

.15 46. The method of claim 40, forther comprising the step of applying a bias across 

(he .aetffode material of the first type aud the electrode material of the second type to 
m^aean atttoom of conductive material present in one of the electrode material of the 
. fir&type and the electrode material Of the second type. 

20 41 The method of claim 40, wherein the step of depositing ^ 

r . material comprises depositing gennanium onto a surface and reacting the gerxnanium with 



;§Vv- : ^'.v 4& :=,: ^ a * md ° f ^ 40 ' y***'*^ ^ Of depositing ion conductor 
49. the method of claim 40, wherein the step of depositing ion conductor 

ri 
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50. the method of claim 40, Wherein the step of depositing ion conductor 
material comprises depositing arsenic onto a surface and reacting the arsenic with U^. 
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ih A method of forming a prograihmabte im^oelecfroiic device the method 
comprising the ste]>s of: 

forming an ion conductor structure overlying a substrate; 

depositing an electrode material layer overlying the ion conductor structure; 

' /* : ;! jP*WB*te" the electrode material layer to form electrodes in contact with the 

. itfncofiAictottocfim 

v.- : ^ ^ method of claim 51, wherein the step of forming an ion conductor 

10 strucmrVtaSi^^ onto a surfaice and reacting the gernianiom with 

53. A method of terming an electronic device, the method comprising the steps 

of. 

15 . tern^ 

depo^rtir% a first insulating 
forming a Via in the first insulating layer, 
depositing a second insulating material within a portion of the via; 
depositing ion conductor material within a portion of the via; and 
forming a second electrode overlying the ion conductor. 
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54. ttfrmetto^o^^ 
depositing ion c6nmjctor iriaterial comprises the step of deposing the ion conductor material 
wr&m a Via termed in trie second insulating material 

?■ v ^ ^fethcia 6i formrng an electronic 6&n<* of tfaimi 53, wherein the step of 

oepoii^ 

56. the method of forming an electronic device of claim 53, wherein the step of 
30 depositing ah ion co^ctor material comprises forming a conforinal layer of ion conductor 
material. 
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*cr/vsbt/mu 

5% fo it&hbd of forming an electronic device of daim 53, fetter comprising 
W ^tfMMv a poftio^ of the ion conductor material from a sbrface of the first 
n*soJati%^ 
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Si. A mdhod of forming a muM-cdJ programmable device, the 



method 



forming a first tfectroile on a Surface of a substrate; 
forming a fiVst ion conductor portion overlying the first electrode; 
fornung a settmd electrode overlying the first ion conductor portion; 
forming a setond ion conductor portion overlying the second electrode; and 
forining a third electrode overlying the second ion conductor portion 



59. 



dfcaning the ampbiile using liydroftooric acid; 
drying the ampoule for about 24 to about 120 hours at about 120 °C; 
evacuating the ampoule; 

ile until the ampoule turns red; 
t a charge; 

beatifig the ampoule to a tenmeratore below the melting temp&xtar* of the 

tamping the temperatae at a rate of about 0.5 degrees per minute to a 

us temperature of the glass; and 

at a rate of about 20 pex nunute for a 
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